Paraquat (1,1′-dimethyl-4,4′-dipyridinium, PQ), which is toxic to humans, has been widely used as a herbicide. Poisoning cases are occasionally encountered due to accidental and intentional ingestion. Many methods such as spectrophotometry [1] [2] [3] [4] [5] [6] , liquid chromatography 7-10 , flow-injection 11 , gas chromatography 12 , and electrochemistry 13, 14 for the determination of PQ in biological samples have been reported.
Experimental

Reagents
The PQ and DQ used as standards were biochemical reagents from Wako Chemical Industry. TBPE was supplied by Kanto Chemical Co. Ltd. A standard solution of 3.00×10 -3 M (1 M=1 mol dm -3 ) TBPE was prepared by dissolving 52.5 mg of TBPE in a waterethanol (50:50(v/v)%) solution. Sodium tetraborate (0.2 M)-sodium hydroxide (0.1 M) buffer solutions were used to adjust the pH. The concentration of tetraborate was fixed at 0.02 M. A Sep-Pak C 18 cartridge (500 mg) was obtained from Waters Associates (Milford, MA, USA). Water was distilled and deionized with a Milli-Q system (Milli-Q SP. TOC., Millipore). All other chemicals were of reagent grade and were used without further purification.
Apparatus
The absorption spectra and absorbances were measured by a JASCO V-560 UV/VIS spectrophotometer using a quartz cell with an optical path length of 1.0 cm. The pH measurements were carried out using a Radiometer PHM 93 pH meter. A mechanical shaker (Iwaki) was used to equilibrate the extraction vials. All of the experiments were carried out at 25˚C in a thermostated room.
Extraction procedure of PQ and DQ
Prior to the extraction of PQ and DQ in human blood with TBPE into dichloromethane, each blood sample was deproteinized with 0.23 M perchloric acid, followed by an ultrasonic treatment. PQ and DQ in the sample solution were extracted with a Sep-Pak C 18 cartridge according to an almost similar procedure to that discussed in a reference. 16 The pH of the deproteinized sample solution (1 ml) was adjusted to about pH 11 with a sodium hydroxide solution. The sample was injected into a Sep-Pak C 18 cartridge pre-conditioned with 5 ml of water, 5 ml of methanol and 20 ml of water. Three milliliters of distilled water was passed through the cartridge to eliminate any other components of the blood. Then, 3 ml of 0.2 M hydrochloric acid and 1 ml×3 of deionized water were passed through the cartridge to elute PQ and DQ. To the eluate, was added 3 ml of a 0.2 M sodium hydroxide solution. This sample was subjected to spectrophotometric analysis.
Procedure for the determination of PQ and DQ
Prior to the determination of PQ and DQ, calibration curves for PQ and DQ were prepared. A 5 ml PQ or DQ solution, 2 ml of a 6.00×10 -3 M TBPE solution, 5 ml of a buffer solution and 18 ml of water were placed in a 50-ml extraction vial fitted with a plastic cap. To the solution, was added 10 ml of dichloromethane. The solution was shaken for 20 min. After centrifugation for 5 min, the solution was allowed to stand for 20 min. The absorbances were measured against a reagent blank prepared without PQ and DQ. The calibration curves for PQ (603 nm) and DQ (608 nm) showed good linearity over the range of (4.5 -45.0)×10 -7 M for PQ and DQ, respectively. The correlation coefficients were 0.98 and 0.99 for PQ and DQ, respectively. The detection limit was 4.77×10 -7 M at the 3σ (σ is the standard deviation of the reagent blank as a reference at 593.5 nm).
Since PQ -and DQ-TBPE in dichloromethane gave the same molar-extinction coefficient (4.85×10 4 cm -1 M -1 ) at 593.5 nm, the total of PQ and DQ ((4.8 -45.0)×10 -7 M) can be determined by using the absorbance and the molar-extinction coefficient at 535.5 nm.
Results and Discussion
Absorption spectra of PQ-TBPE and DQ-TBPE
The PQ-TBPE and DQ-TBPE extracted in dichloromethane absorbed strongly in the visible region ( Fig. 1 ) and exhibited absorption maxima at 603 nm and 608 nm, respectively. The extracted ion-association complexes were stable upon standing for at least 60 min. Consequently, the absorbances were measured within 30 min after the extraction of PQ and DQ. The TBPE in dichloromethane was yellow and slightly absorbed in the visible region of 550 -560 nm (Fig. 1) .
Extraction behavior of PQ and DQ with TBPE (1) Effect of ethanol on the absorbance.
Since TBPE hardly dissolved in water, a TBPE working solution was prepared by diluting TBPE in ethanol with water. The addition of ethanol to TBPE in dichloromethane provided a similar absorption spectrum to those of PQ-TBPE and DQ-TBPE in dichloromethane. Therefore, the effect of ethanol on the blue-color development of PQ-TBPE in dichloromethane was examined. Above 3.0(v/v)% ethanol, the absorbance at 603 nm increased along with an increase in the amount of ethanol, even in the absence of PQ. More than 3% of ethanol was required to dissolve TBPE into an aqueous solution. Consequently, the ethanol content was kept constant at 3% for subsequent experiments. The absorbance of a reagent blank as a reference of water was 0.07. (2) Effect of the pH. In order to establish the optimum pH range for the extraction of PQ and DQ with TBPE, the PQ-TBPE and DQ-TBPE complexes were extracted into dichloromethane from aqueous solutions having a pH range of 9.2 -11.6. The results are shown in Fig. 2 . The maximum and constant absorbances were obtained in the pH range of 10.7 -11.3. In general, ion-pair extraction took place spontaneously. However, the extraction equilibrium was attained by shaking the solution for about 10 min. This suggests that any slow reaction process, such as a change in the structure of TBPE, may be included during the course of the extraction of PQ with TBPE. The subsequent extractions of PQ and DQ were performed at pH 10.8. Fig. 4 , the absorbance at 600 nm decreased along with an increase in the sodium chloride concentration. On the other hand, the absorbances of TBPE extracted in dichloromethane used as a reference were almost constant in the sodium chloride concentration range of 10 -3 -10 -1 M. In the case of potassium chloride (Fig. 5) , the absorbances of the extracted PQ-TBPE were independent of the potassium chloride concentration. The absorbance of the extracted TBPE, however, increased remarkably with an increase in the potassium chloride concentration. From these results, the sodium ion was fixed at 0.04 M for all subsequent experiments.
(5) Effect of an organic solvent.
The effect of an organic solvent on the extraction of PQ and DQ was examined using dichloromethane, dichloroethane, and chloroform. Dichloroethane gave almost the same extractability as dichloromethane. The reproducibility, however, for dichloroethane was slightly lower than that for dichloromethane. Chloroform showed a lower extractability.
(6) Composition of extracted PQ-TBPE and DQ-TBPE.
Sakai and Ishida reported that the quaternary ammonium ion could be extracted with TBPE as an ion-association complex. 17 PQ reacts with Diamine Green B, having a charge of +2, to form a water-insoluble ion-association complex. 18 Based on these facts and the results obtained in this work, PQ-TBPE and DQ-TBPE extracted into dichloromethane should be ionassociation complexes. The compositions of the extracted PQ-TBPE and DQ-TBPE were examined by means of the conventional slope analysis. Under the experimental conditions (pH>10), TBPE exists as an anionic-form TBPE -in an aqueous solution, because the acid-dissociation constant (K a ) is about 10 -4 . 19 Assuming that the extracted PQ-TBPE is PQ 2+ ·2TBPE -, the extraction equilibrium can be represented as follows:
The extraction constant (K ex ) is expressed by (2) The distribution ratio of PQ is represented by If the concentrations of PQ 2+ ·BPE -and PQ 2+ ·2TBPE -are negligibly low compared with that of PQ 2+ in the aqueous phase, Eq. (3) can be written as
where [TBPE -] is the initial TBPE -concentration in the aqueous phase. As shown in Fig. 6 , the plots of log D vs. log[TBPE -] also gave a straight line with a slope of 2.1. The extraction equilibrium of PQ should be represented by Eq. (1). For the DQ system, a similar result to that for PQ was obtained.
Application to the determination of PQ and DQ in spiked and actual-case human blood samples
Prior to the determination of PQ and DQ in human blood, it is necessary to purify a human blood sample by a Sep-Pak C 18 cartridge. 16 Therefore, the recovery of PQ and DQ during the course of purification was tested for PQ and DQ solutions. The results are given in Table 1 . The recovery was more than 98% for both PQ and DQ.
After the purification of PQ and DQ in spiked human blood by a Sep-Pak C 18 cartridge, the recovery of the total of PQ and DQ was also tested. As shown in Table  1 , the recovery was about 99%. It was also ascertained that a blood sample without PQ and DQ, which was purified with a Sep-Pak C 18 cartridge, did not exhibit a blue color with TBPE in the pH range of 6 -12. The other blood components, which may react with TBPE, should be removed by a Sep-Pak C 18 cartridge.
Each analysis of PQ and DQ in spiked human blood was also tested. Their concentrations were calculated using the absorbances and molar-extinction coefficients at two given wavelengths. The recoveries of PQ and DQ were about 123% and about 28%, respectively. These unsatisfying results should be ascribed to the small difference in the molar-extinction coefficients of the PQ-and DQ-TBPE complex in the visible range.
The present method was applied to the determination of the total amouts of PQ and DQ in human blood samples (1) -(4) obtained after a suicide committed by ingesting herbicides. The analytical results are given in Table 2 along with the absorption maxima of the extracts in dichroromethane. As mentioned above, the absorption maxima of PQ-TBPE and DQ-TBPE were 603 nm and 608 nm, respectively. The mixture of PQ and DQ gave absorption maxima between 603 and 608 nm. From the absorption spectra of the extracts, we can deduce whether a PQ herbicide is a mixture of PQ and DQ or not. The absorption maximum of 603 nm for sample (1) (Table 2) suggests that the PQ herbicide containes only PQ. Samples (2) -(4) should be a mixture of PQ and DQ.
To ascertain the reliability of the present method, the results were compared with those obtained by the highperformance liquid chromatography (HPLC) method. 10 The HPLC analysis showed that sample (1) contained only PQ. This is consistent with the present method. However, the analytical result by the present method is about two-times larger than that by HPLC. Sample (1) should contain both PQ and other reactive substances for TBPE. However, the commercial PQ herbicide purified by a Sep-Pak C 18 cartridge gave the same analytical results as that without purification, indicating that no interefering compounds were contained in the commercial PQ herbicide. The HPLC analysis for 692 ANALYTICAL SCIENCES JULY 1999, VOL. 15 Based on the blue-color development, PQ and DQ can be easily detected at about 10 -6 M level without using any instruments, such as an absorption spectrophotometer. The present method can be practically useful for preliminary screening.
The proposed method may also be applicable to the determination of PQ herbicide in human urine.
